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Abstract

Thel/O accesgatternsof parallel programsoftencon-
sistof accesseto a large numberof small, noncontiguous
piecesof data. If an application’s /O needsare metby
makingmanysmall, distinct /O requestshowerer, the I/O
performancedegradesdrastically. To avoid this problem,
MPI-IO allows usersto accessa honcontiguouglata set
with a singlel/O functioncall. Thisfeature providesMPI-
IO implementationgan opportunityto optimizedataaccess.

We describehow our MPI-IO implementationROMIO,
delivershigh performancein the presenceof noncontigu-
ous requests. e explain in detail the two key optimiza-
tions ROMIO performs: data sieving for noncontiguous
requestsdrom one processand collective /O for noncon-
tiguousrequestdfrommultiple processesWe describehow
onecanimplementheseoptimizaticmsportablyon multiple
madinesand file systemsgcontrol their memoryrequire-
ments,and also achieve high performance We demon-
strate the performanceand portability with performance
resultsfor threeapplications—arastrophysics-applicatin
template(DIST3D),the NASBTIO bendimark,and an un-
structuredcode(UNSTRIC)—onfive differentparallel ma-
chines: HP Exemplar IBM SR Intel Paragon,NEC SX-4,
and SGI10rigin2000.

1 Intr oduction

Numerousstudiesof the I/O characteristicof parallel
applicationshave shavn thatmary applicationseedto ac-
cessa large numberof small, noncontiguougiecesof data
fromafile [1, 2,7, 9, 10]. For goodI/O performancehow-
ever, thesizeof anl/O requesimustbe large (on the order
of megabytes). The I/O performancesuffers considerably
if applicationsaccesglataby making mary small I/O re-
guests.Suchis thecasewhenparallelapplicationgperform
I/O by usingthe Unix r ead andwr i t e functions,which
canacces®nly asinglecontiguouschunkof dataatatime.

MPI-IO, the I/O part of the MPI-2 standard[6], is
a new interface designedspecifically for portable, high-
performanceparallel /0. To avoid the abore-mentioned
problemof mary distinct, small I/O requestsMPI-10 al-
lows usersto specifythe entire noncontiguousaccesat-
ternandreador write all the datawith a singlel/O function
call. MPI-10 alsoallows usersto specify collectively the
I/O requestof a groupof processegherebyproviding the
implementationwith even greateraccessnformation and
greaterscopefor optimization.

In this paperwe describehow our MPI-IO implemen-
tation, ROMIO, delivershigh performancen the presence
of noncontiguou$/O requestsROMIO is a portableMPI-
10 implementatiorthatworks on mary differentmachines
andfile systemsWe explainin detailthetwo key optimiza-
tionsROMIO performs:datasieving for noncontiguouse-
guestdrom oneprocessandcollective /O for noncontigu-
ous requestsfrom multiple processes.We describehow
onecanimplementtheseoptimizationgportablyon multiple
machinesand file systemscontrol their memoryrequire-
mentsandalsoachie/e high performanceWe demonstrate
the performanceand portability with performanceresults
for threeapplicationson five differentparallelmachines.

We notethatROMIO canperformthe optimizationsde-
scribedin this paperonly if usersprovide completeaccess
informationin a singlefunction call. In [14] we explained
how userscan do so by using MPI's derived datatypego
creatdfile views andby usingMPI-10’s collective-1/Ofunc-
tionswheneer possible.In this paperwe describethe op-
timizationsin detailandprovide extensive performancee-
sults.

Therestof this paperis organizedasfollows. Section2
givesabrief overview of ROMIO. Datasieving is described
in Section3 andcollective I/0 in Section4. Performance
resultsarepresentedn Section5, followedby conclusions
in Section6.



2 Overview of ROMIO

ROMIO is afreely available high-performanceyortable
implementatiorof MPI-10. Thecurrentversionof ROMIO,
1.0.1, runs on the following machines: IBM SP; Intel
Paragon;HP Exemplar; SGI Origin2000 and T3E; NEC
SX-4; othersymmetricmultiprocessorfrom HP, SGI, Sun,
DEC, andIBM; and networksof workstations(Sun, SGI,
HP, IBM, DEC, Linux, andFreeBSD).Supportedile sys-
temsarelBM PIOFS,Intel PFS,HP HFS, SGI XFS, NEC
SFS,NFS,andary Unix file system(UFS). ROMIO 1.0.1
includeseverythingdefinedin theMPI-2 1/0 chapterexcept
shared-file-pointefunctions,split-collective-1/O functions,
supportfor file interoperability I/O errorhandling,andl/O
error classes. ROMIO is designedto be usedwith any
MPI-1 implementation—botlportableand vendorspecific
implementations.It is currentlyincludedas part of three
MPI implementationsMPICH, HP MPI, andSGIMPI.

A key componentof ROMIO that enablessuch a
portableMPI-10 implementatioris aninternallayercalled
ADIO [13]. ADIO, an abstract-deice interfacefor 1/O,
consistsof a small setof basicfunctionsfor parallel l/O.
In ROMIO, the MPI-IO interfaceis implementecbortably
on top of ADIO, and only ADIO is implementedsepa-
rately for differentfile systems.ADIO thusseparateshe
machine-dependerdnd machine-independeraspectsin-
volvedin implementingMPI-1O.

3 Data Sieving

To reducethe effect of high I/O lateng, it is critical to
makeasfew requestgo thefile systemaspossible.When
a procesgnakesanindependentequestfor noncontiguous
data,ROMIO, therefore,doesnot acceseachcontiguous
portion of the dataseparatelyInstead,t usesan optimiza-
tion calleddatasieving [12]. The basicideais illustrated
in Figure 1. Assumethatthe userhasmadea singleread
requestfor five noncontiguousgpiecesof data. Insteadof
readingeachpieceseparatelyROMIO readsa singlecon-
tiguouschunkof datastartingfrom thefirst requestedyte
uptothelastrequestedbyteinto atemporanbufferin mem-
ory. It thenextractsthe requesteghortionsfrom thetempo-
rary buffer andplacesthemin the users buffer. Theusers
buffer happenso becontiguousn thisexample,butit could
well benoncontiguous.

A potential problem with this simple algorithm is its
memoryrequirementThetemporanbufferinto whichdata
is first readmustbe aslarge asthe extentof the users re-
guest,whereextentis definedasthe total numberof bytes
betweerthefirst andlastbytesrequestedincludingholes).
The extent can potentially be very large if thereare large
holesbetweenthe requestediatasegments. The basical-
gorithm, therefore,must be modifiedto makeits memory

requirementndependenof the extentof theusersrequest.

ROMIO usesa usercontrollableparametethat defines
themaximumamountof contiguougdatathata processan
readatatime duringdatasieving. Thisvaluealsorepresents
the maximum size of the temporarybuffer. The default
value is 4 Mbytes (per process) but the usercan change
it atrun time via MPI-10’s hints mechanism.If the extent
of theusers requests largerthanthe valueof this parame-
ter, ROMIO performsdatasieving in parts,readingonly as
muchdataat a time asdefinedby the parameter

The advantageof datasieving is that datais alwaysac-
cessedn large chunks althoughat the costof readingmore
datathan needed.For mary commonaccesatternsthe
holesbetweerusefuldataarenot undulylarge,andthe ad-
vantageof accessindarge chunksfar outweighsthe cost
of readingextra data. In someaccessatterns,however,
the holescould be so large that the costof readingthe ex-
tra dataoutweighsthe costof accessindarge chunks. The
BTIO benchmarl{seeSection5), for example,hassuchan
accesgattern.An “intelligent” data-siging algorithmcan
handlesuchcasesaswell. The algorithmcananalyzethe
users requestanddecidewhetherto performdatasieving
or acces&achcontiguougdatasegmentseparatelyWe plan
to addthis featureto ROMIO.

Datasieving cansimilarly be usedfor writing data. A
read-modify-writemust be performed,however, to avoid
destroyingthe data alreadypresentin the holes between
contiguousdatasegments.The portion of thefile beingac-
cessedmust also be locked during the read-modify-write
to prevent concurrentupdatedy otherprocessesROMIO
also usesanotherusercontrollable parametetthat defines
themaximumamountof contiguougdatathata processan
write at a time during datasieving. Sincewriting requires
locking the portion of thefile beingaccessedROMIO uses
a smallerdefaultbuffer sizefor writing (512 Kbytes)in or-
derto reducecontentionfor locks.

Onecouldarguethatmostfile systemgerformdatasiev-
ing aryway becausehey performcaching.Thatis, evenif
theusermakesmary smalll/O requeststhefile systemal-
waysreadsmultiplesof disk blocksandmay also perform
aread-aheadThe users requeststherefore, may be satis-
fied out of the file-systemcache.Our experience however,
hasbeenthat the costof makingmary systemcalls, each
for small amountsof data,is extremely high, despitethe
cachingperformedby the file system.In mostcasesit is
moreefficientto makeafew systencallsfor largeamounts
of dataandextract the neededdata. (Seethe performance
resultsin Section5.)

4 Collectivel/O

In mary parallel applications,although each process
may needto accessseveral noncontiguousportions of a
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Figure 1. Data sieving

file, therequestof differentprocesseareofteninterleaved
andmaytogetherspanlarge contiguousgortionsof thefile.

If the userprovidesthe MPI-IO implementationwith the
entireaccessnformation of a groupof processesthe im-

plementatiorcanimprove I/O performancssignificantlyby
meging the requestf different processesnd servicing
the megedrequest.Suchoptimizationis broadlyreferred
to ascollective 1/0O.

Collective I/O canbe performedat the disk level (disk-
directed/O [5]), atthesenerlevel (senerdirected/O [8]),
or attheclient level (two-phasd/O [3]). SinceROMIO is
a portable,userlevel library with no separatd/O seners,
it performscollective I/O at the client level. For this pur-
pose,it usesa generalizedversion of the extendedtwo-
phasemethoddescribedn [11].

4.1 Two-Phasd/O

Two-phasd/O wasfirst proposedn [3] in the context
of accessinglistributedarraysfrom files. Considerthe ex-
ampleof readinga two-dimensionakrray from a file into
a (block,block) distribution in memory as showvn in Fig-
ure 2. Assumethatthe arrayis storedin the file in row-
majororder As aresultof the distributionin memoryand
the storageorder in the file, the local array of eachpro-
cesds locatednoncontiguouslyn thefile—eachrow of the
local array of a processs separatedy rows from the lo-
cal arraysof otherprocesseslf eachprocesdriesto read
eachrow of its local arrayindividually, the performancaevill
be poor dueto thelarge numberof relatively small /O re-
quests. Note, however, thatall processesogethemeedto
readthe entirefile, andtwo-phasd/O usesthis fact to im-
prove performance.

If theentirel/O accespatternof all processess known
to the implementationthe datacanbe accesseefficiently
by splitting the accesdnto two phases.In the first phase,
processesccesdataassuminga distribution in memory
that resultsin eachprocessmaking a single, large, con-
tiguousaccess. In this example, sucha distribution is a
row-block or (block,*) distribution. In the secondphase,
processesedistributedataamongthemselesto the desired

distribution. The adwvantageof this methodis that by mak-
ing all file accessekrgeandcontiguousthel/O timeis re-
ducedsignificantly Theaddedcostof interprocessommu-
nicationfor redistribution is small comparedwith the sas-
ingsin 1/O time.
Thebasictwo-phasenethodwasextendedn [11] to ac-
cesssectionsof out-of-corearrays. In ROMIO we usea
generalizedrersionof this extendedtwo-phasanethodthat
canhandleany noncontiguoud/O requestasdescribedy
anMPI deriveddatatypenot just sectionf arrays.

4.2 GeneralizedTwo-Phasd/O in ROMIO

ROMIO usestwo usercontrollableparameterdor col-
lective I/O: thenumberof processethatperforml/O in the
I/O phaseand the maximum size on eachprocessof the
temporarybuffer neededor two-phasd/O. By default,all
processeperforml/O in the /O phaseandthe maximum
buffer sizeis 4 Mbytesper process. The usercan change
thesevaluesat run time via MPI-10’s hintsmechanism.

Wefirst explainthealgorithmROMIO usedor collective
readsandthendescribehow thealgorithmdiffersfor collec-
tivewrites. Figure3 shavs a simpleexamplethatillustrates
how ROMIO performsa collective read. In this example,
all processeperform1/O, andeachprocesss assumedo
have asmuchmemoryasneededor thetemporanyuffer.

We note that, in MPI-1O, the collective-1/O function
calledby a processspecifieghe accessnformationof that
processonly. Also, file accesse# collective I/O referto
accesseffom multiple processe acommorfile.

4.2.1 Collective Reads

In ROMIO’s implementatiorof collective reads,eachpro-
cessfirst analyzedts own I/O requestand createsa list of
offsetsanda list of lengths,wherel engt h[ i ] givesthe
numberof bytesthatthe processieeddrom locationof f -

set[i] in thefile. Eachprocessalso calculatesthe lo-
cationsof the first byte (startoffset) andthe last byte (end
offset)it needsrom thefile andthenbroadcastshesetwo
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offsetsto otherprocessesAs aresult,eachprocessasthe
startandendoffsetsof all processes.

In the next step,eachprocesdriesto determinewvhether
thisparticularaccespatterncanbenefitfrom collective I/O,
i.e., whetherthe accessesf ary of the processesareinter-
learedin thefile. Sinceanexhaustie checkcanbe expen-
sive,eachproces®only checksf, for any two processewith
consecutre ranks(z andi + 1), the following expressioris
true: (start-ofset,; < end-ofset). If nottrue, eachpro-
cessconcludeghat collective I/0O will notimprove perfor
mancefor this particularaccesgattern,sincethe requests
of differentprocessesannotbemeiged. In suchcaseseach
procesgust callsthe correspondindgndependent-1/Gunc-
tion, which usesdatasieving to optimizenoncontiguouse-
quests.

If theabove expressionis true, the processeproceedo
perform collective 1/O asfollows. Portionsof the file are
“assigned’to eachprocessuchthatin the I/O phaseof the
two-phaseoperation,a procesawill accesgdataonly from
theportion of thefile assignedo it. This portionof thefile
assignedo a processs calledthe processs file domain If
a processneedsdatalocatedin anotherprocesss file do-
main, it will receve the datafrom the otherprocessduring
thecommunicatiorphaseof the two-phaseoperation.Sim-
ilarly, if this processs file domaincontainsdataneededy
other processesit mustsendthis datato thoseprocesses
duringthecommunicatiorphase.

File domainsareassignedsfollows. Eachproces<al-
culatesthe minimum of the startoffsetsand the maximum
of the endoffsetsof all processesThe differencebetween
thesetwo offsetsgivesthe total extent of the combinedre-
guesbf all processesThefile domainof eachprocesss ob-
tainedby dividing this extentequallyamongthe processes.

After thefile domainsaredeterminedeachproces<al-
culatesin which otherprocesss file domainits own 1/O re-
guest(or a portion of it) is located.For eachsuchprocess,
it createsa datastructurecontaininga list of offsetsand
lengthsthat specify the dataneededfrom the file domain

of thatprocesslt thensendshis accessnformationto the
processefrom which it expectsto receve data. Similarly,
otherprocesseshat needdatafrom thefile domainof this
processsendthe correspondingaccessnformationto this
process.After this exchangehastakenplace,eachprocess
knows whatportionsof its file domainareneededy other
processeandby itself. It alsoknowswhich otherprocesses
aregoingto sendthe datathatit needs.

Thenext stepis to readandcommunicatehedata. This
stepis performedin several partsto reduceits memoryre-
guirement. Eachprocesdirst calculateghe offsetscorre-
spondingto the first andlastbytesneededby ary process)
from its file domain. It thendividesthe differencebetween
theseoffsetsby the maximumsizeallowed for the tempo-
rary buffer (4 Mbytesby default). Theresultis thenumber
of times(nt i mes) it needsto perform1/O. All processes
then performa global-maximumoperationon nt i nmes to
determinethe maximumnumberof times (max_nt i nes)
ary processneedsto performI/O. Even if a processhas
completedall the /O neededrom its own file domain, it
mayneedto participaten communicatioroperationghere-
after to receve datafrom other processes.Each process
mustthereforebereadyto participatein thecommunication
phasemax_nt i mes numberof times.

For eachof thent i nes 1/O operationsa processloes
thefollowing operationsit checksf the currentportion of
its file domain(no largerthanthe maximumbuffer size)has
datathatary procesmeedsjncludingitself. If it doesnot
have suchdata, the processdoesnot needto perform1/O
in this step;it thenchecksif it needsto receve datafrom
other processesas explainedbelow. If it doeshave such
data,it readswith asinglel/O functioncall all thedatafrom
thefirst offsetto the last offsetneededrom this portion of
the file domaininto a temporarybuffer in memory The
processeffectively performsdatasieving, asthe dataread
may include someunwanteddata. Now the processmust
sendportionsof thedatareadto processethatneedthem.

Each processfirst informs other processesow much
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Figure 3. A simple example illustrating how ROMIO performs a collective read

datait is goingto sendthem. The processethenexchange
databy first postingall the receives asnonblockingoper

ations,thenpostingall the nonblockingsends.andfinally

waitingfor all thenonblockingcommunicatiorto complete.
MPI deriveddatatypesreusedto sendnoncontiguousiata
directly from the temporarybuffer to the destinationpro-

cess.On thereceve side, if the userhasaskedfor datato

be placedcontiguouslyin the usersuppliedbuffer, the data
is receved directly into the users buffer. If datais to be

placednoncontiguouslythe procesdirst receves datainto

atemporarybuffer andthencopiesit into the users buffer.

(Sincedatais receved in partsover multiple communica-
tion operationdrom differentprocessesye found this ap-

proacheasieithancreatingderived datatype®onthereceve

side.)

Eachprocesgperformsl/O andcommunicatiomt i mes
numberof times and then participatesonly in the com-
munication phase for the remaining (max_nti nes -
nti mes) numberof times. In someof theseremaining
communicatiorsteps,a procesamay not receve ary data;
neverthelessthe processnustcheckif it is goingto receve
datain a particularstep.

4.2.2 Collective Writes

Thealgorithmfor collective writesis similar to the onefor
collective reads gxceptthatthefirst phaseof thetwo-phase
operationis communicationand the secondphaseis I/O.

In the /O phase,eachprocesschecksif ary holes(gaps)
exist in the datait needsto write. If holesexist, it per

forms a read-modify-write; otherwiseit performsonly a
write. During the read-modify-write,a processneednot

lock the region of the file beingaccessedunlike in inde-
pendent/O), becausehe processs assuredhat no other
processnvolvedin thecollective-1/O operatiorwill directly

try to accesghe datalocatedin this processs file domain.
Theprocesss alsoassuredhatconcurrenivritesfrom pro-

cessestherthanthoseinvolvedin this collective-1/0 oper

ationwill notoccut becauséMPI-10’s consisteng seman-
tics[6] donotautomaticallyguaranteeonsisteng for such
writes. (In suchcasesusersmustuseMPl _Fi | e_sync

andensurehatthe operationsarenot concurrent.)

4.2.3 Performancelssues

Evenif 1/0O is performedin large contiguouschunks,the
performanceof the collective-1/0O implementationcan be
significantly affected by the amount of buffer copying
and communication. We were able to improve ROMIO’s
collective-1/0 performanceby as muchas 50% by tuning
the implementatiorto minimize buffer copyingand mini-
mize the numberof communicatiorcalls and usethe right
setof MPI communicatiorprimitives.

Initially, in eachof the communicatiorstepswe always
receveddatainto atemporarybuffer andthencopiedit into
the users buffer. We realizedlater thatthis copyis needed



only whenthe users buffer is to befilled noncontiguously
In the contiguouscase,data can be receved directly into
the appropriatdocationin the users buffer. We similarly
experimentedvith differentwaysof communicatinglatain
MPI andmeasuredhe effect on overall collective-1/O per
formancewith differentMPI implementationsand on dif-
ferentmachines.We selectechonblockingcommunication
with therecevespostedirst andthenthe sendswhich per
formsthe beston mostsystems.It may be possible how-
ever, to tunethe communicatiorfurtheron somemachines
by postingthe sendsheforethe recevesor by usingMPI’'s
persistentequests.

4.2.4 Portability Issues

We were able to implementtheseoptimizationsportably
and without sacrificing performanceby using ADIO asa
portability layer for I/O (seeSection2) andby using MPI
for communicationDatasieving andcollective I/O areim-
plementedvithin ADIO functions[13]; datasieving is used
in ADIO functionsthatread/writenoncontiguouslata,and
collective 1/O is usedin ADIO’s collective-1/O functions.
Both theseoptimizationsultimately make contiguousl/O
requeststo the underlyingfile system,which are imple-
mentedby using ADIO’s contiguous-I/Ofunctions. The
contiguous-1/Ofunctions, in turn, are implementedusing
the appropriatefile-systemcall for eachdifferentfile sys-
tem.

5 PerformanceMeasurements

We usedthreeapplicationsfor our performancesxperi-
ments:

1. DIST3D, a templaterepresentinghe I/O accesgat-
ternin an astrophysicapplication(ASTRO3D) from
the Universityof Chicago;

2. theNAS BTIO benchmari4]; and

3. an unstructuredcode (UNSTRUC) written by Larry
Schoofand Wilbur Johnsonof SandiaNational Lab-
oratories.

Thel/O in DIST3D consistsof reading/writinga three-
dimensionahrraydistributedin a (block,block,block)ash-
ion amongprocessedrom/to a file containingthe global
arrayin row-major ordet The BTIO benchmarl{4] sim-
ulatesthe I/O requiredby a time-steppindglow solver that
periodicallywritesits solutionmatrix. Thebenchmarlonly
performswrites, but we modifiedit to performreadsalso.
UNSTRUC emulateghel/O accespatternin unstructured-
grid applicationsby generatinga randomirregular map-
ping from thelocal one-dimensionadrrayof a procesdo a
globalarrayin a commonfile sharedby all processesThe

mappingspecifiesvhereeachelementof the local arrayis
locatedin theglobalarray

We ranthe codeportablyandmeasuredhe performance
on five differentparallel machines:the HP Exemplarand
SGI Origin2000at the National Centerfor Supercomput-
ing Applications(NCSA),thelBM SPat ArgonneNational
Laboratorythelntel Paragorat Californialnstituteof Tech-
nology, andthe NEC SX-4 at the NationalAerospacd ab-
oratory(NLR) in Holland. We usedthe native parallelfile
systemson eachmachine: HFS on the Exemplar XFS on
the Origin2000,PIOFSonthe SR PFSonthe Paragonand
SFSon the SX-4. At the time we performedthe experi-
ments,thesefile systemswvereconfiguredasfollows: HFS
on the Exemplarwasconfiguredon twelve disks; XFS on
theOrigin2000hadtwo RAID unitswith SCSI-2interfaces;
the SPhadfour senersfor PIOFS,andeachsener hadfour
SSAdisksattachedo it in one SSAloop; the Paragonhad
64 1/0 nodedfor PFS eachwith anindividual Seagatalisk;
andSFSontheNEC SX-4wasconfigureconasingleRAID
unit comprisingsixteenSCSI-2datadisks.

We measuredhe I/O performanceof theseapplications
by usingMPI-10 functionsto performl/O in threedifferent
waysasfollows:

Unix-style accessesSeparatéMPI-10 functioncallsto ac-
cesseachindividual contiguousgieceof data.

Data sieving Createa file view to describea noncontigu-
ousaccesyatternandusea singleindependenMPI-
IO functionto accesslata.

Collective l/O Createafile view to describea noncontigu-
ousaccesgatternandusea singlecollective MPI-10
functionto accesslata.

In all experimentswe usedthe defaultbuffer sizesfor
datasieving andcollective I/O (seeSections3 and4) and
the defaultvaluesof the file-striping parameter®n all file
systems.

Tables1 and2 shov the readandwrite bandwidthsfor
DIST3D. The performanceof Unix-style accessewas, in
generalyvery poor. By usingdatasieving instead the read
bandwidthimprovedby afactorrangingfrom 2.6 ontheHP
Exemplarto 453 on the NEC SX-4. The write bandwidth
improvedby afactorrangingfrom 2.3 onthe HP Exemplar
to 121ontheNEC SX-4. Datasieving cannotbeperformed
for writing on the SP's PIOFSfile system becausd’lOFS
doesnot supporffile locking. On PIOFS,ROMIO therefore
translatesnoncontiguousjndependentwvrite requestsnto
multiple Unix-styleaccesses.

The performanceémprovementwith collective I/O was
much more significant. The readbandwidthimproved by
afactorof asmuchas793 over Unix-style accessefNEC
SX-4)andasmuchas14 over datasieving (Intel Paragon).
Thewrite performancemproved by a factorof asmuchas



Table 1. Read performance of DIST3D (array
size 512x512x512 integer s = 512 Mbytes)

Bandwidth(Mbytes/s)
Proc- | Unix- Data | Coll-
Machine essors| style | Sieving | ective
HP Exemplar 64 5.42 14.2 68.2
IBM SP 64 2.13 11.9 90.2
Intel Paragon 256 3.01 9.50 132
NEC SX-4 8 0.71 322 563
SGI0rigin2000 | 32 14.0 118 175

Table 2. Write performance of DIST3D (array
size 512x512x512 integer s = 512 Mbytes)

Bandwidth(Mbytes/s)
Proc- | Unix- Data | Coll-
Machine essors| style | Sieving | ective
HP Exemplar 64 0.54 1.25 50.7
IBM SP 64 1.85 N/A 57.6
Intel Paragon 256 1.12 3.33 183
NEC SX-4 8 0.62 75.3 447
SGI0rigin2000 | 32 5.06 13.1 66.7

721 over Unix-style accessefNEC SX-4) andasmuchas
40 over datasieving (HP Exemplar).

Tables3 and4 presentresultsfor ClassC of the BTIO
benchmark(BTIO requiresthe numberof processorso be
aperfectsquare.yor BTIO, Unix-styleaccessegerformed
betterthan datasieving on threeout of the five machines.
Thereasornis thatthe holesbetweerdatasegmentsneeded
by a processarelarge in BTIO—morethanfive timesthe
size of the datasegment. As a result, a lot of unwanted
datawas accessedluring datasieving, resultingin lower
performancehanwith Unix-style accessesAs mentioned
in Section3, anintelligentdata-siging algorithmcandetect

suchlargeholesandinternallyperformUnix-styleaccesses.

ROMIO’sdatasieving algorithmdoesnot currentlydo this,
however.

Collective I/0 performedextremely well on BTIO, be-
causeno unwanteddatawasaccesseduring collective I/O
andall accessewerelarge. The performancemproved by
afactorof asmuchas512overUnix-styleaccesse®or read-
ing and597for writing, bothonthe NEC SX-4.

Tables5 and6 shav the readandwrite bandwidthsfor
UNSTRUC. In this application,the I/O accesspatternis
irregular, andthe granularityof eachaccesds very small
(64 bytes).Unix-styleaccessearenotfeasiblefor thiskind

Table 3. Read performance of BTIO (Class
C, problem size 5x162x162x162 double pre-
cision = 162 Mbytes)

Bandwidth(Mbytes/s)
Proc- | Unix- Data | Coll-
Machine essors| style | Sieving | ective
HP Exemplar 64 6.35 5.84 442
IBM SP 64 2.73 1.66 80.6
Intel Paragon 256 2.28 1.23 82.0
NEC SX-4 9 1.26 116 645
SGI0rigin2000 | 36 12.1 37.0 107

Table 4. Write performance of BTIO (Class
C, problem size 5x162x162x162 double pre-
cision = 162 Mbytes)

Bandwidth(Mbytes/s)
Proc- | Unix- Data | Coll-
Machine essors| style | Sieving | ective
HP Exemplar 64 0.86 0.50 29.7
IBM SP 64 2.21 N/A 38.6
Intel Paragon 256 1.37 0.45 98.8
NEC SX-4 9 0.99 29.9 591
SGI0rigin2000 | 36 7.93 2.90 67.2

of application,asthey take an excessie amountof time.
We thereforedo not presentresultsfor Unix-style accesses
for UNSTRUC. Collectivel/O againperformednuchbetter
thanindependent/O with datasieving, the only exception
being for readson the NEC SX-4. In this case,because
of the high readbandwidthof NEC’s Supercomputingrile
System(SFS),datasieving by itself outperformedhe extra
communicatiorrequiredfor collective I/O.

6 Conclusions

For parallel applicationsto achiee high I/O perfor
mance, it is critical that the parallel-1/O systembe able
to deliver high performancesvenfor noncontiguougccess
patterns We have describedwo optimizationsour MPI-10
implementatiorperformsthatenableit to deliver high per
formanceevenif the users requestonsistof mary small,
noncontiguougaccessesOur implementatiorof theseop-
timizationsgeneralizeshe work in [11, 17] to handleany
noncontiguousccespattern,notjust sectionof arrays.

For the applicationswe consideredgollective I/O per
formed significantly better than both data sieving and



Table 5. Read performance of UNSTRUC

Bandwidth(Mbytes/s)
Proc- Grid Data Coll-
Machine essors| Points Sieving ective
HP Exemplar 64 8 million 3.15 35.0
IBM SP 64 8 million 1.63 73.3
Intel Paragon 256 | 8million 1.18 78.4
NEC SX-4 8 8 million 152 101
SGIOrigin2000| 32 4 million 30.0 80.8

Table 6. Write performance of UNSTRUC

Bandwidth(Mbytes/s)
Proc- Grid Data Coll-
Machine essors| Points Sieving ective
HP Exemplar 64 8 million 0.18 221
IBM SP 64 8 million N/A 37.8
Intel Paragon 256 | 8 million 0.22 94.9
NEC SX-4 8 8 million 16.8 81.5
SGIOrigin2000| 32 4 million 1.33 59.2

Unix-style accessesData sieving performedmuch better
thanUnix-styleaccessefor DIST3D andUNSTRUC. For
BTIO, on somemachinesUnix-style accesseperformed
betterthandatasieving, becausef largeholesbetweerdata
segmentsaccessetdy eachprocessn BTIO.

The implementationof datasieving and collective 1/0
mustbe carefully tunedto minimize the overheadof buffer
copyingandinterprocessommunicationOtherwise these
overheadsanimpactperformancssignificantly
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